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cutting teeth on either side of their jaw 
known as carnassials (Figure 1). These 
two teeth, the upper fourth premolar 
and first lower molar, bear blades that 
come together in a scissor-like fashion 
to cut tough skin, tendon, and flesh. 
Behind them in the tooth row are more 
blunt-cusped molars that function in 
grinding plant matter and crushing 
bones. By contrast, mesonychids and 
creodonts had two and three pairs 
of scissor-like teeth, respectively, 
positioned at the end of their tooth row 
with no room left for grinding molars 
(Figure 1). The significance of the 
single-carnassial configuration in the 
carnivorans is that it probably allowed 
for greater evolutionary plasticity and 
adaptability over geologic time scales. 
By enhancing the grinding as opposed 
to the slicing adaptations of their 
teeth, carnivorans could move towards 
omnivory and plant foods. Alternatively, 
by enhancing the slicing aspects, they 
could move towards pure meat-eating 
(hypercarnivory). Because all the molars 
of creodonts and mesonychids became 
specialized as cutting teeth early in their 
history, they may have been unable to 
re-evolve crushing molars that  
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The mammalian order Carnivora 
includes species we most love and 
fear — our household pets, dogs 
and cats, and large predators such 
as bears, lions, and wolves. Our 
fondness for domesticated carnivores 
is reflected in sheer numbers: the 
estimated number of household cats 
and dogs exceeds 100 million each, 
a global population size that easily 
outdistances that of any wild carnivore. 
By contrast, large predators are among 
the most endangered of mammals and 
conservation efforts to expand their 
numbers always face stiff opposition. 
Our relationship with large carnivores 
is complex and fraught with conflict; 
on the one hand we admire their 
strength and beauty, and see parallels 
between ourselves and group hunters, 
such as gray wolves and lions. On 
the other hand, we feel compelled to 
tightly control their numbers, and have 
completely extirpated them from large 
parts of the world. 
Of course, the large meat-eating 
carnivores are just the most visible 
of a diverse group of mammals that 
includes species that vary widely in 
diet, from frugivorous kinkajous to 
ant-eating aardwolves, bamboo-eating 
panda bears to bone-cracking hyenas. 
Because most species in the order 
Carnivora are not pure meat-eaters 
and because there are many other 
sorts of carnivorous creatures, the 
term ‘carnivoran’ is used to denote 
members of the order. There are about 
286 species of living carnivorans, a 
number comparable to that of primates 
(256), but considerably less than the 
most diverse mammalian orders, bats 
(977) and rodents (2000). Nevertheless, 
the size range of carnivorans, from the 
30 g least weasel to a 2300 kg male 
northern elephant seal, exceeds that 
of all living orders, including rodents. 
The variety of locomotor styles and 
associated habitat choices is equally 
diverse with everything but gliding 
represented. There are semi-aquatic, 
highly specialized swimmers, such 
as the pinnipeds (seals, sea lions, 
and walruses) and otters, excellent 
climbers (red panda, kinkajou), 
impressive diggers (badgers), and 
long-distance runners (wolves, African 
wild dogs, hyenas). Carnivorans are 
globally distributed from pole to pole, 
and survive in deserts, tropical and 
temperate forest, savannah, tundra, 
fresh and salt water. Despite all this 
variety, carnivorans share a number of 
features. They have binocular vision, 
relatively dense fur, and claws that 
vary in size, shape, and retractability. 
Their sense of smell is excellent and 
associated with well-developed scent 
glands and territorial marking. They 
have superb vision and hearing.
Given the multiplicity of body sizes 
and habitats, it is not surprising that 
there also is tremendous variation 
in life-history strategies. Litter sizes 
range from one (e.g., pinnipeds) to 
15–20 (African wild dog, raccoon dog) 
and usually vary with resource levels. 
Mating systems vary as well, with many 
species being promiscuous but others 
showing varying degrees of monogamy. 
Most carnivores are solitary, but many 
tolerate significant range overlap 
with other related individuals and will 
congregate at times when resources 
are abundant. Finally, there are some 
highly social species with complex 
social behavior and large group sizes 
that are comparable to those of social 
primates. There are even species, 
such as meerkats and African wild 
dogs, that appear to be obligate social 
mammals in that individuals cannot 
survive alone. Such a dependence 
on others is highly unusual among 
mammals. This spectacular diversity of 
behavior, ecology, and body size has 
made carnivorans a favorite group for 
comparative evolutionary studies.
Evolution and adaptation
The carnivorans were not the first 
mammalian predators of medium to 
large size to dominate after the demise 
of the dinosaurs. Two unrelated groups, 
the creodonts and mesonychids, the 
latter of which gave rise eventually 
to cetaceans (whales and dolphins), 
preceded them. All three of these 
carnivorous groups appeared around 
63 million years ago (mya), but the 
carnivorans remained as small civet- 
to fox-size forms for about 20 million 
years. In addition to being smaller 
than many of their mesonychid and 
creodont contemporaries, these 
early carnivorans differed from them 
in a key aspect of their teeth that 
is a diagnostic feature of the order. 
Carnivorans have a single pair of 
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Figure 1. Predator jaws.
Lateral view of the skull of the clouded leop-
ard, Neofelis nebulosa (top), and the lower left 
jaw of a creodont, Hyaenodon crucians (mid-
dle), and an extinct canid carnivoran, Hesper-
ocyon gregarius (bottom). Carnassial teeth are 
shaded in gray.  m1, m2, m3 refer to the first, 
second, and third lower molars, respectively.
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Odobenidae). The pinnipeds first appear 
in the fossil record around  
23 mya. They are monophyletic 
and most closely related to a clade 
that includes mustelids, mephitids, 
procyonids, and ailurids. The Feliformia 
comprises seven families: the cats 
(Felidae), hyenas and aardwolf 
(Hyaenidae), mongooses (Herpestidae), 
Malagasy carnivora (Eupleridae), genets 
and civets (Viverridae), and two ancient 
families that today include but one genus 
each, the linsangs (Prionodontidae) and 
African palm civet (Nandiniidae).
One of the most remarkable yet 
frustrating aspects of the history of 
carnivorans is the repeated tendency 
to evolve similar feeding specializations 
in different clades. Remarkable 
because the extent of convergence 
can be impressive and thus produce 
strong evidence for similar selection 
pressures on craniodental shape 
and function; frustrating because the 
degree of convergence can confound 
phylogenetic reconstruction, especially 
among extinct forms where DNA is 
unavailable. Nevertheless, in most 
cases, relationships are clear and so 
we can use these multiple iterations of 
similar morphologies to explore how 
form relates to function. For example, 
bone-cracking abilities evolved four 
times in the Carnivora — in hyaenids 
and an extinct subfamily of canids 
(Figure 3), as well as in two extinct 
families of carnivores (Amphicyonidae, 
Percrocutidae). All of these share 
specializations for producing the high 
bite forces that are needed to break 
bones, such as enlarged jaw closing 
muscles, domed skulls, deep jaws, 
and massive teeth. Similarly, saber-
tooth morphology evolved at least 
twice among carnivorans, first in an 
extinct family (Nimravidae) and later 
in the felids (Figure 3). It also evolved 
among the creodonts and ancient 
South American marsupials, and in 
all cases, similar modifications of 
the skull and teeth allow the jaws to 
open wide enough to clear the canine 
tips while still preserving strong jaw 
closing muscles. Although seemingly 
bizarre and absent today, saber-tooth 
predators were widely present in one 
form or another for the last 45 million 
years — a testament to the success 
of the design. They appear to have 
been specialized for the rapid killing of 
relatively large prey, as well as for both 
the defense and theft of carcasses from 
other carnivores. Additional examples 
of convergence are evident in the 
fossil record for wolf-like, cat-like, and 
raccoon-like omnivorous morphologies.
This pattern of an early evolution of 
diverse dietary forms followed by their 
repeated appearance runs counter 
to what is observed in herbivores, 
such as antelopes, camelids, and 
horses. Among these taxa, the history 
of dietary evolution has been more 
unidirectional as each clade evolved 
higher-crowned, more complex and 
durable teeth in response to global 
trends in climate and vegetation. 
As temperatures declined and 
aridity increased over the last 50 
million years, grasslands expanded 
at the expense of forests, and the 
ability to consume relatively fibrous 
vegetation was favored. By contrast, 
foods favored by most carnivorans 
underwent little or no change in texture 
or quality; meat, bone, and fat are 
presumed to be the same now as 
always. Consequently, selection for 
resource partitioning among meat-
eaters always results in divergence 
into a limited number of forms of 
meat-specialists, bone crackers, and 
omnivores. This tendency is most 
could process foods other than meat, 
making them less able to persist during 
environmental perturbations. As a 
result, the carnivorans largely took 
on their predatory roles between 30 
and 40 million years ago. Interestingly, 
extant carnivorous marsupial mammals 
(dasyurids) are similar to mesonychids 
and creodonts in devoting all their molar 
teeth to slicing and also exhibit much 
less adaptive diversity. 
Early in the history of the Carnivora, 
the order split into two groups, the 
Caniformia (dog-like carnivores) and 
the Feliformia (cat-like carnivores) 
as evidenced by differences in the 
structure of their auditory bullae. Each 
of these groups diversified over the 
Cenozoic, producing 19 families, of 
which 16 persist today (Figure 2). 
Recent molecular studies expanded 
the number of recognized families 
from the traditional 11 to 16. The 
Caniformia include the dogs (Canidae), 
bears (Ursidae), weasels and otters 
(Mustelidae), skunks (Mephitidae), 
raccoons, kinkajou and coatis 
(Procyonidae), red panda (Ailuridae), 
and pinnipeds (Phocidae, Otariidae, 
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Figure 2.  Carnivore family tree.
Time-calibrated phylogeny of the order Carnivora at the family level based on multiple nuclear 
gene sequences, with millions of years on the horizontal axis and Cenozoic epochs on the 
vertical axis. Caniformia shown in red, Feliformia shown in blue. Figure created by G. Slater 
and J. Pollinger. 
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scales. Big prey is rarer and more 
difficult to find. In addition, big prey 
are dangerous: armed with horns and 
hooves, ungulates can seriously wound 
or kill predators. Because large prey are 
difficult to acquire and represent a large 
energy return, battles over carcasses 
are common and sometimes deadly. 
Finally, recent studies of wolves, lions, 
and cheetahs have shown that skills 
required to kill big prey take years to 
acquire, leaving young adults vulnerable 
to starvation. 
On evolutionary time scales, the 
costs of being larger than 15–20 kg are 
played out in morphology and clade 
persistence. Jaws and teeth must be 
strong, requiring specializations that 
can compromise evolutionary plasticity. 
For example, jaws tend to become 
shorter to maximize the leverage for 
a bite with the canine teeth, and this 
necessitates the loss of cheek teeth, 
most often the grinding molars behind 
the carnassial that function in breaking 
up plant foods. Thus, as carnivorous 
species become larger they become 
hypercarnivorous, relying solely on big 
prey. Because lost structures rarely 
reappear in evolution (Dollo’s Law), 
this limits the likelihood of evolving 
toward a more omnivorous diet should 
prey become rare. Consequently, 
large specialized meat-eaters find 
themselves vulnerable to extinction 
when environments change because 
they lack evolutionary flexibility and 
exist at relatively low densities due to 
their size and elevated position in the 
food chain. Ultimately, this leads to a 
pattern of replacement of one clade 
by another over evolutionary time in 
which one clade increases in body size, 
hypercarnivorous habits, and diversity 
but goes extinct. This pattern has 
been well documented in the history 
of the family Canidae, where the three 
subfamilies succeed each other in the 
fossil record. 
The ecological importance of 
carnivorans
Over the past two decades, there has 
been renewed interest in the substantial 
roles that carnivorans play in shaping 
ecological communities. Most of the 
attention has been centered on large 
apex or top predators and their impact 
on prey number and on many aspects of 
the community, including vegetation 
pronounced among large, mostly to 
entirely carnivorous species, reflecting 
the greater intensity of competition 
among them as well as the difficulties 
of killing large prey. It has become 
increasingly apparent that life as a 
big carnivore is substantially different 
from and more demanding than that 
of smaller species. Nevertheless, the 
fossil record is filled with examples of 
increasing body size within lineages of 
carnivorans. 
Prey and predator size
Increases in body size within mammal 
lineages over time are common, so 
much so that the phenomenon has a 
name, ‘Cope’s Rule’, in recognition of E. 
D. Cope, the 19th century paleontologist 
who first described it. There are 
certainly advantages of large size for 
predators, such as the ability to take a 
wider range of prey as well as dominate 
other predators, in addition to the 
more general advantages of improved 
reproductive success and thermal 
efficiency that apply to predators and 
prey alike. The prevalence of Cope’s 
Rule in the history of carnivorans 
suggests that the benefits of larger body 
size often outweigh the costs, such as 
the apparent need to take prey that are 
as large or larger than themselves. 
Studies of living carnivorans reveal 
that most species larger than about 
15–20 kg (about the size of an African 
wild dog) are highly carnivorous, and 
kill prey that are at least half their 
own body mass or larger. In general, 
insectivory is not an option for large 
carnivorans, nor is it possible to survive 
on plentiful fruits or small mammals, 
such as rodents — bears are an 
obvious exception as they are large 
but consume ample quantities of plant 
foods. Unlike other large carnivorans, 
bears have a long evolutionary history 
of omnivory whereas the others are all 
descendants of moderately to highly 
carnivorous species. Notably, there 
is one hypercarnivorous ursid, the 
polar bear, and it does kill relatively 
large prey (seals) that are extremely 
rich in fat and protein. The reason 
why large carnivorans tend to kill big 
prey is simple. The amount of energy 
expended killing sufficient numbers 
of small prey will exceed the energy 
gained from digesting the prey. By 
killing larger prey, relative foraging effort 
is reduced such that energy gained 
exceeds energy spent. 
Killing large prey incurs costs on 
both ecological and evolutionary time 
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Figure 3. Convergence in skull form among carnivorans. 
Bone-crackers: (A) the extinct canid, Borophagus secundus, and (B) extant spotted hyena, Cro-
cuta crocuta. Saber-tooths: (C) the extinct nimravid, Eusmilus sicarius, and (D) the extinct felid, 
Smilodon fatalis.
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structure and associated fauna. Large 
carnivores suppress ungulate population 
growth and this then reduces the impact 
of herbivores on vegetation, allowing for 
a greater diversity of plant communities 
and their animal inhabitants. Because of 
the intensity of interspecific interactions 
among coexisting predators, the 
removal of an apex predator, such as the 
gray wolf, allows smaller, less dominant 
predators such as coyotes to increase 
in numbers. A greater abundance of 
coyotes will then negatively impact 
carnivorans smaller than coyotes, such 
as foxes, which is likely to then allow 
a population irruption of their prey, 
rodents. Such domino-like sequences of 
linked shifts between different levels of 
the food chain are referred to as ‘trophic 
cascades’.
Two ‘natural’ experiments, one marine 
and one terrestrial, that occurred in the 
latter half of the 20th century exemplify 
the trophic cascade process. The first 
involves the sea otter (Enhydra lutris), 
and its role in maintaining diverse kelp 
ecosystems. Sea otter and pinniped 
populations have largely collapsed in 
the North Pacific Ocean. The cause of 
this decline appears to be predation by 
killer whales (Orca orcinus), a species 
that formerly preyed more heavily on 
great whales. After the collapse of great 
whale numbers due to post World War 
II industrial whaling, killer whales were 
forced to sequentially switch from 
their preferred prey to seals, then sea 
lions, and most recently, otters. Sea 
otters are voracious predators of sea 
urchins, a major consumer of kelp. 
When sea otters are removed, kelp 
forests are overgrazed and replaced 
by urchin barrens. The loss of the kelp 
forest produces multiple, indirect, 
mostly negative effects on associated 
invertebrates, fish, and sea birds. Given 
that kelp is a highly productive seaweed 
removing massive quantities of carbon 
dioxide from the atmosphere, abundant 
sea otter populations might slow global 
warming.
The second example involves the 
addition, rather than the removal, of 
an apex predator to a system from 
which it had been missing for 70 
years. Thirty-one gray wolves were 
introduced to Yellowstone National 
Park in 1995 and 1996. Their numbers 
expanded rapidly and their impact on 
the overly abundant elk population 
was dramatic. Within 10 years, 
numbers of elk on the northern range 
dropped by two-thirds and elk foraging 
behavior shifted away from grassland 
to woodland in response to wolf 
predation. This resulted in greater plant 
recruitment and diversity (more shrubs 
and trees) in the grasslands, and 
enhanced habitat quality for beavers 
and songbirds (Figure 4). Riparian 
communities rebounded because 
erosion was reduced when streamside 
vegetation regenerated. Carrion in the 
form of wolf kills provided substantial 
food subsidies for scavengers, such 
as grizzlies, coyotes, red foxes, eagles, 
and ravens. While grizzly bears have 
thrived alongside wolves, however, 
coyotes have declined because wolves 
kill them. The reduction in coyote 
numbers has in turn doubled the 
survivorship of one of their preferred 
prey, pronghorn antelope fawns. 
The far-reaching influence of wolves 
on so many aspects of the greater 
Yellowstone ecosystem was a surprise 
and opens a new window into how 
ecosystems may have functioned prior 
to the elimination of large predators.
It is clear that large carnivores are 
key players in their communities, but 
smaller species also have an impact. 
Since they tend to be more omnivorous, 
smaller species, such as martens 
and raccoons, can be significant fruit 
dispersers. Like their larger brethren, 
small carnivores also can have 
significant top-down effects. By limiting 
rodent populations, they influence plant 
diversity by reducing the impact of seed 
predation and herbivory on seedlings. 
In the absence of wolves, coyotes 
assume the role of apex predator and, 
in suburban environments, kill domestic 
cats, raccoons, and opossums, thereby 
favoring songbird populations. The 
introduction of small carnivores to 
islands or ecosystems where they are 
not native and not subject to predation 
can be disastrous. Red foxes and 
domestic cats have greatly harmed 
Australia’s endangered marsupial fauna, 
and domestic cats on islands worldwide 
have caused substantial losses in native 
species. 
The ecological importance of 
carnivorans plays out in both their 
interactions with their prey and their 
interactions with each other. The gray 
wolf and sea otter examples should 
serve as parables of how little we 
understand about trophic interactions 
and therefore how risky it is for us to 
lose species. Who could have predicted 
that the near elimination of great 
whales would result in the decimation 
of kelp forests? Or that the addition of 
gray wolves would benefit pronghorn 
antelope, beavers and songbirds?
Research and conservation
The genomics revolution has come 
to carnivorans with the first complete 
carnivoran genome, that of a dog, in 
2005. More recently, the giant panda 
genome was sequenced and that of 
the cat is nearly complete. A dozen 
or more additional genomes are on 
the way, spread across the Carnivora. 
Parallel efforts are underway to 
Figure 4. After the wolf.
Comparison photographs taken near the confluence of Soda Butte Creek with the Lamar River 
illustrating the stature of willow plants during suppression (1997; left) from long-term brows-
ing and their release (2001; right) following wolf reintroductions that began in the winter of 
1995–1996. Photographs taken by the National Park Service (left) and W.J. Ripple (right).
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provide extensive genome sequencing 
within dogs and cats to map their 
genetic diversity. The rewards of 
these efforts for evolutionary biology 
are considerable. Well-resolved 
phylogenetic trees of most carnivore 
families were early accomplishments. 
Efforts to map genome diversity 
have found signals of selection in 
regions that can be related to specific 
phenotypes. In the dog, the genetic 
basis of skeletal, pelage, and behavioral 
differences among dog breeds has 
been revealed. The challenges may be 
greater in natural populations where 
the signals of selection are more diffuse 
and compromised by population 
history and demography, but initial 
findings seem promising. For example, 
researchers were able to show that the 
gene for black coat color in dogs was 
transferred to North American wolves 
and swept to high frequency in many 
populations. This study exemplified 
how findings and techniques 
developed for model species can be 
applied to their ‘genome-enabled’ close 
relatives.
Many carnivorans are endangered 
by climate change and habitat loss, 
and some lineages tend to have high 
extinction rates when confronted with 
environmental change. The poster 
children for these problems are the 
polar bear and giant panda but the 
challenges are not well summarized 
by these two species alone. Aside 
from habitat loss and climate change, 
carnivorans are uniquely challenged 
by the loss of population connectivity 
because many species, especially large 
ones, disperse over great distances. 
Some, such as large east African 
carnivorans and gray wolves of the 
high Arctic, migrate >1000 kilometers 
each year with their prey, and roads, 
development, and climate change 
threaten to sever critical ties between 
areas. Further, the high trophic position 
of predators makes them vulnerable to 
compounded bottom-up effects that 
may be initiated by climate change. 
Other challenges unique to carnivorans 
include interactions with humans and 
their livestock, and the trade for fur 
and body parts in traditional medicine. 
These issues demand an integrative 
approach focused on education and 
human attitudes, and a redirection 
of the focus to restoration rather 
than population control. The gray 
wolf of the American West provides 
important lessons in this regard, as 
the reintroduction of the western wolf 
is the most successful effort ever for a 
wild carnivoran. This success hinged 
on the involvement and education of 
stakeholders, as well as the fact that 
the listing of the western gray wolf 
as an endangered species under the 
U.S. Endangered Species Act required 
specific recovery actions. However, 
this alone is not enough, as a parallel 
reintroduction effort with the Mexican 
wolf was a dismal failure. Here, political 
inaction, compromised science, 
and weak enforcement collided 
such that the population remained 
stagnant through the 10 year history of 
reintroduction. If we wish to preserve 
carnivores — and we should given their 
ecological significance — changed 
attitudes and focused actions are 
prerequisites. 
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A spliceosomal 
intron of 
mitochondrial DNA 
origin
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The origin of spliceosomal introns is 
one of the most enduring mysteries 
in molecular biology. In nuclear 
genomes such as our own, the protein-
coding regions of genes (exons) can 
be separated from one another by 
hundreds of thousands of base pairs 
(bp) of intronic (non-coding) DNA, 
and while they are often considered 
‘junk’, introns are increasingly ascribed 
important regulatory functions [1]. Here 
we present evidence that an intron 
in a GTPase superfamily gene in the 
unicellular alga Bigelowiella natans 
is derived from — and was created 
by — the insertion of a fragment of 
mitochondrial DNA. Organelle-to-
nucleus DNA transfer is an increasingly 
well-understood phenomenon, one 
that has the potential to greatly 
influence genome structure [2,3]. Our 
data suggest that such transfers could 
represent a hitherto underappreciated 
source of new spliceosomal introns. 
First discovered in 1977 [4], introns 
have become a textbook feature 
of nuclear protein genes. Because 
their sequences evolve so rapidly, 
the origin and evolution of introns 
remain obscure despite decades of 
study and a wealth of nuclear genome 
sequence data [5]. At least six distinct 
mechanisms have been suggested 
to play a role in intron creation [5,6], 
including intron transposition through 
reverse transcription and conversion 
of newly inserted transposons. 
Significantly, these mechanisms 
each pertain to the generation of 
introns from pre-existing ones or the 
intronization of exons by recruitment 
of cryptic splice sites, rather than 
integration of exogenous DNA. 
Farlow et al. [7] recently explored the 
possibility of novel intron gain via 
DNA insertion but did not address the 
question of where such DNA might 
come from. 
As part of an ongoing investigation 
of the nuclear genome of the 
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